The phytoflagellate Euglena gracilis produces a large amount of paramylon (PM), a conglomerate of liner b-1,3-glucan chains, as a storage polysaccharide. PM is synthesized from uridine diphosphate-glucose, but its mechanism of formation is largely unknown. Two enzymes, glucan synthase-like (EgGSL) 1 and EgGSL2 were previously identified as candidates for PM synthesis in a Euglena transcriptome analysis. Here, we performed a reverse genetic analysis on these enzymes. Knockdown of EgGSL2, but not EgGSL1, significantly inhibits PM accumulation in Euglena cells. Additionally, b-1,3-glucan synthesis is detected in a PM-associated membrane fraction extracted from Euglena cells. Our findings indicate that EgGSL2 is the predominant enzyme for PM biosynthesis.
The euglenoid Euglena gracilis is a unicellular organism that moves using a single flagella and photosynthesizes with a plastid. Euglena cells produce and accumulate a storage polysaccharide called paramylon (PM), which is a linear glucan consisting of only b-1,3-glucosidic linkages that contain no more than 700 polymerized glucose molecules [1] . PM is a discoidal granule that has high crystallinity (~90%) and its content often exceeds 50% of the dry weight of the cell, especially under heterotrophic growth conditions [2, 3] .
Stored PM is catabolized for cellular homeostasis in response to environmental changes, such as carbon starvation [4] , the presence of ammonium ions [5] , and a highly concentrated atmosphere of oxygen [6] . In addition, when exposed to hypoxic conditions, E. gracilis converts PM into wax ester. This phenomenon is termed wax ester fermentation because it is accompanied by a net ATP production [7] . Moreover, PM is also degraded for organelle development. Darkadopted Euglena cells rapidly break down PM, which increases chlorophyll under continuous light stimulation [8] . More detailed analysis showed that carbon sources produced by PM breakdown are utilized for lipid synthesis during early development in the chloroplast [8, 9] .
Knowledge of PM biosynthesis in Euglena cells has been accumulated by some research groups thus far. Electron microscopy (EM) suggested that two different organelles are involved in PM synthesis and their contributions depend on nutrient conditions. Under photoautotrophic conditions, granules of PM are located in the cytoplasm adjacent to pyrenoids of the chloroplast enclosed by membrane [10] . In contrast, under heterotrophic conditions, mitochondria containing very swollen vesicles are present. Membrane-associated PM granules appear to be in these vesicles, and they are then released into the cytoplasm [11] . Enzymological analyses revealed that PM synthase is a uridine diphosphate (UDP) glucose-b-1,3-glucan b-3-glucosyltransferase, utilizing UDP-glucose specifically as a substrate [12, 13] . In addition, it was shown that PM synthase is an enzyme complex with a molecular mass of 670 kDa, which includes two UDPglucose-binding peptides of 37 and 54 kDa [14] . However, the localization of the enzyme is controversial. Marechal and Goldemberg [12, 13] showed that its activity is detected in total membrane (TM) fractions separate from the PM fraction. On the other hand, B€ aumer et al. [14] reported that the enzyme activity was detected in the PM fraction. Thus, there is limited information about the biochemical properties of Euglena PM synthase, and the enzyme has not been characterized at the molecular level so far.
In such eukaryotes as fungi and plants, b-1,3-glucan synthases (GSs) are classified into the glycosyl transferase family 48 (GT48), which is a protein family that transfers a glucose residue from UDP-glucose onto b-1,3-D-glucan (http://www.cazy.org/). Most eukaryotic GSs are large membrane proteins (~230 kDa) with 16 transmembrane helices (TMHs), and they have unique topological features. Specifically, the TMHs are split into two clusters by a central hydrophilic loop facing the cytoplasmic side [15] [16] [17] [18] [19] [20] . Fungal GSs, such as Saccharomyces cerevisiae Fks1p, have a conserved homologous motif (RXTG) which a UDP-glucose binding consensus (R/K)XGG motif proposed to exist in glycogen (a-1,4-glucan) synthase in the hydrophilic loops facing the cytoplasmic side [21] . In contrast, curdlan synthase in Agrobacterium sp. ATCC31749 is a bacterial GS. It is similar to cellulose (b-1,4-glucan) synthase, and it has conserved D,D,D and QXXRW motifs, which are thought to bind UDP-glucose and to transfer glucosyl groups during bacterial and plant cellulose synthesis [22] .
In a previous study, we reported a transcriptome analysis of the E. gracilis Z strain and predicted that two components (comp36539_c1_seq4 and comp36157_c0_seq1), which showed significant similarity to GS, might be PM synthase [23] . Here, to identify and characterize genes contributing to PM biosynthesis at the molecular level, we designated the sequences of E. gracilis glucan synthase-like 1 (EgGSL1) and EgGSL2. We then performed functional predictions in silico for EgGSL1 and EgGSL2, and evaluated the effects of EgGSL1 and EgGSL2 knockdown (KD) on PM biosynthesis in Euglena cells.
Materials and methods

Cells and culture conditions
Euglena gracilis strain Z was cultivated in Koren-Hutner (KH) medium [24] for heterotrophic growth or CramerMyers (CM) medium [25] for autotrophic growth at 26°C under continuous light (100 lmolÁm À2 Ás À1 ) with rotary shaking at 120 r.p.m. Euglena gracilis strain SM-ZK, which is a streptomycin-bleached mutant derived from E. gracilis Z [26] , was grown in KH medium under the same conditions as those of the strain Z. Cell numbers were counted using the electric field multichannel cell counting system, CASY (Roche Diagnostics, Tokyo, Japan).
Preparation of KD lines
Silencing of GSL genes with double-strand RNA (dsRNA) was performed according to previous reports [27, 28] . Template DNAs were amplified with the following T7 RNA polymerase promoter-containing primers, as shown in Table S1 : GSL1-RNAi-F1 and GSL1-RNAi-R1 for GSL1-dsRNA-1; GSL1-RNAi-F2 and GSL1-RNAi-R2 for GSL1-dsRNA-2; GSL1-RNAi-F3 and GSL1-RNAi-R3 for GSL1-dsRNA-3; GSL2-RNAi-F1 and GSL2-RNAi-R1 for GSL2-dsRNA-1; GSL2-RNAi-F2 and GSL2-RNAi-R2 for GSL2-dsRNA-2; and GSL2-RNAi-F3 and GSL2-RNAi-R3 for GSL2-dsRNA-3. The dsRNAs were synthesized from the template DNAs using the MEGAscript Ò RNAi Kit (Thermo Fisher Scientific, Kanagawa, Japan) in accordance with the manufacturer's instructions. Next, 1 9 10 6 cells were collected from the cultures in which Euglena cells were cultivated for 2 days in KH medium or 3 days in CM medium. The collected cells were suspended in 100 lL of medium with 15 lg of each dsRNA, and electroporation was performed using the NEPA21 electroporator (Nepa Gene, Chiba, Japan). To ensure silencing of GSL genes, two types of dsRNA were introduced into these cells: GSL1-KD_1 and GSL1-KD_2 were introduced by a dsRNA combination of GSL1-dsRNA-1 and GSL1-dsRNA-2, and a dsRNA combination of GSL1-dsRNA-1 and GSL1-dsRNA-3, respectively. GSL2-KD_1 and GSL2-KD_2 were introduced by a dsRNA combination of GSL2-dsRNA-1 and GSL2-dsRNA-2, and a dsRNA combination of GSL2-dsRNA-1 and GSL2-dsRNA-3, respectively. The dsRNA exposed cells were cultivated in new medium.
Semiquantitative RT-PCR analysis
To confirm the KD of GSL genes, total RNAs were isolated 6 days after dsRNA introduction (DAI) from Euglena cells according to a previous report [28] . PCR was carried out with 30 cycles (GSL1 and GSL2) or 25 cycles (EgEF1a) using the following primers: GSL1-sqPCR-F, GSL1-sqPCR-R, GSL2-sqPCR-F, and GSL2-sqPCR-R (Table S1 ). EgEF1a was amplified as a control with the primers previously described [27] .
Extraction and detection of paramylon
Paramylon was extracted from Euglena cells using a method previously described [27, 29] . Cells were collected by centrifugation at 5800 g for 5 min. The cells were frozen and evaporated. The dried cells were defatted by sonicating in acetone twice. To remove protein from defatted cells, the cells were suspended in 1% (w/v) SDS and placed for 30 min in a water bath at 100°C. PM was collected by centrifugation at 5800 g for 5 min and rinsed with 0.1% (w/v) SDS. The fraction was washed with pure water, and PM was then dissolved in 0.5 N NaOH. The presence of PM was confirmed by the phenol-sulfuric acid method [30] using glucose solution as a standard.
Extraction and determination of chlorophyll
Cells harvested from 1 mL of culture were vortexed in 1 mL of 80% (v/v) acetone. After centrifugation at 10 000 g for 5 min, the supernatant was used to confirm the presence of chlorophyll. Chlorophyll in the supernatant was measured as described by Arnon [31] .
Hypoxic treatment and wax ester determination
Mock control and KD cells, grown under heterotrophic conditions (KH medium) for 6 days, were transferred to microtubes (1.5 mL). The microtubes were then sealed with Parafilm (LSM, Tokyo, Japan) and incubated at 26°C in the dark for 24 h. Extraction and determination of wax ester from Euglena cells were performed by using GCMS-QP2010 (Shimadzu, Kyoto, Japan) according to a method described by Tamaki et al. [27] .
Enzyme preparation from Euglena cells
For enzyme preparation, a method described by Marechal and Goldemberg [13] 
Fluorescence assay for b-1,3-glucan
To prepare the products of the UDP-glucose incorporation activity assay for evaluation in this fluorescence assay, the reaction mixture without radioactive UDP-glucose was prepared with a higher concentration of cold UDP-glucose (1 mM) and enzyme solution (0.05 mg protein) and a lower concentration of laminarin (1 mgÁmL
À1
) than that in the previously described method. After the mixture was incubated at 25°C for 30 min, the insoluble precipitates were collected by centrifugation at 2000 g for 30 min. The samples were washed three times with 500 lL of ultrapure water. The fluorescence assay on the insoluble precipitate using aniline blue was carried out according to methods in a previous report [32] with some modifications. The precipitate was suspended in 60 lL 1 M NaOH and heated at 80°C for 30 min to solubilize the glucan that was produced. Next, 210 lL of the Aniline blue mix (40 volumes of 0.1% [w/v] aniline blue in water, 21 volumes of 1 M HCl, and 59 volumes of 1 M glycine/NaOH buffer [pH 9.5]) was added to the precipitate solution and heated at 50°C for 30 min to bind aniline blue and glucan. After cooling at room temperature, 200 lL of the reaction solution was transferred into a Nunc TM F96 MicroWell TM Black Polystyrene plate (Thermo Fisher Scientific). The fluorescence of aniline blue was quantified using the Corona Grating Microplate Reader SH-9000Lab (Hitachi High-Tech Science, Tokyo, Japan) at an excitation wavelength of 400 nm, 12 half-band width, and an emission wavelength of 500 nm.
Results and Discussion
EgGSL1 and EgGSL2 encode novel b-1,3-glucan synthase enzymes with a unique domain structure
We recently reported that two sequences (comp36539_c1_seq4 and comp36157_c0_seq1) are candidates for PM synthase [23] . One of the components, comp36539_c1_seq4, was likely to be a partial sequence because of the lack of a spliced (or short)-leader (SL) sequence, which is a typical small RNA attached at the 5 0 end of transcripts by trans-splicing in Euglena [33, 34] . We searched again and found the full-length sequence of comp36539 containing the SL sequence, which was then renamed comp52518_c0_se-q1 in the Euglena transcriptome database. Comp52518_c0_seq1 and comp36157_c0_seq1 are herein referred to as EgGSL1 and EgGSL2, respectively (accession numbers LC225614 and LC225615, respectively). The length of the CDSs for EgGSL1 and EgGSL2 were 8082 and 6765 bp, which encoded proteins of 2693 and 2254 amino acids, yielding predicted molecular masses of 304 and 258 kDa, respectively. The primary amino acid sequence for EgGSL1 and EgGSL2 showed low identity (10.6%), suggesting that EgGSL1 and EgGSL2 code for distinct proteins. In our previous report [23] , the BLASTX program (https://blast. ncbi.nlm.nih.gov/Blast.cgi) suggested that EgGSL1 and EgGSL2 were homologous to CalS12 and CalS7, which are members of the callose synthase (CalS) family in Arabidopsis thaliana. However, EgGSL1 and EgGSL2 displayed very low identity with every Arabidopsis CalS family protein examined (6.3% identity in EgGSL1 vs AtCalS12, 12.4% identity in EgGSL2 vs AtCalS7), and they belonged to different clades with the known GS in fungi and plants (Fig. 1A) . We also tried to search EgGSL-like protein(s) in Euglenozoa and found two candidates, BsGSL1 and BsGSL2, only in Bodo saltans with 22.3% and 14.1% identity to EgGSL2, respectively, but not in others such as Trypanosoma (Fig. 1A) .
Domain search analysis using the InterPro database [35] showed that both EgGSLs possess the GT48 domain (IPR003440) (Fig. 1B, Fig. S1 ). This domain is highly conserved in GSs of fungi and plants [36] , and is probably involved in the polymerization reaction of glucose from UDP-glucose into a b-1,3-glucan polymer. The N termini of S. cerevisiae Fks1p includes the GS subunit FKS1 domain-1 (FKS1_dom1: IPR026899) (Fig. S1) , which is involved in the glucan synthase activity of Fks1p in vivo [15] . However, instead of the FKS1_dom1, it was predicted that the N-terminal regions of EgGSL1 and EgGSL2 contain the glycoside hydrolase (GH) catalytic domain (IPR013781) widely conserved in enzymes that hydrolyze the glycosidic linkage (Fig. 1B, Fig. S1 ). The similar domain structure with EgGSL1 and EgGSL2 was also conserved in putative GSs in B. saltans, although it is unclear whether this kinetoplastid flagellate protozoan is able to produce b-1,3-glucan. Only EgGSL2 was presumed to have a signal peptide for the secretion pathway at its N-terminal end (Fig. 1B, Fig. S1 ).
Hydropathy analysis indicated that EgGSL1 and EgGSL2 are multipass membrane proteins with 15 and 19 TMHs, respectively. These TMHs are divided into two clusters by a central hydrophilic loop, which conforms to a typical topology for the known eukaryotic GS (Fig. 1C,D, Fig. S1 ) [15, 36, 37] . Similar to the known eukaryotic GSs, the central loops of EgGSL2 containing the GT48 domain are expected to face the cytoplasmic side (Fig. 1D, Fig. S1 ). Although the loop of EgGSL1contain the GT48 domain (Fig. S1) , the loop of EgGSL1 will be exposed to noncytoplasmic side, which is unlike the known eukaryotic GSs (Fig. 1D) . The GH catalytic domains in EgGSL1 and EgGSL2 are located on the first loop connecting the TMHs and on the N-terminal sequence, respectively. There are exposed to the noncytoplasmic side (Fig. S1) .
The D,D,D and QXXRW motifs are highly conserved in bacterial and plant cellulose synthase [38, 39] , and they are also found in the curdlan synthase of Agrobacterium sp. [22] . Like the known eukaryotic GSs [18, 40] , EgGSL2 does not have the motifs. In contrast, EgGSL1 has a conserved QQVRW motif at the amino acid position 1598, but the D,D,D motif could not be identified (Fig. S1) . Another consensus sequence, RXTG, is considered to be a UDP-glucosebinding site in the fungal GS [21] . The sequences corresponding to the consensus sequences were founded at two sites (RLTG and RRTG) and one site (RCTG) in EgGSL1 and EgGSL2, respectively (Fig. S1) . However, unlike the fungal GSs, the matching sequences are predicted to expose the noncytoplasmic side. These findings indicate that EgGSL1 and EgGSL2 are more similar to plant GSs than bacterial and fungal GSs in term of protein primary structure. In conclusion, these are presumed to be novel eukaryotic GSs with a unique domain structure.
EgGSL2, but not EgGSL1, is required for paramylon accumulation
To examine the role of EgGSL in PM synthesis, we performed dsRNA-mediated gene silencing of each GSL in Euglena cells. First, a chloroplast-deficient strain, SM-ZK, was used in this assay because this strain accumulates more PM compared to the wildtype Z strain. This makes this strain suitable for the evaluation of PM synthesis ability. We confirmed that dsRNAs introduced into the cells could suppress the target GSL mRNA expression effectively ( Fig. 2A) . PM was extracted and quantified from mock controls and each KD line. No differences were found in PM accumulation between mock control and KD-gsl1 lines. In contrast, a significant decrease in PM was observed in the KD-gsl2 lines (Fig. 2B) . Using microscopy, we observed that mock controls and KD-gsl1 cells were filled with PM granules, while KD-gsl2 cells contained unusual forms of PM granules that consisted of a few large granules and a number of smaller sized ones (Fig. 2C) . We also checked the growth of the mock control and KD lines. KD of GSL1 had no effect on cell growth, although KD of GSL2 led to a growth retardation in which the time entering stationary phase was about 1 day later than that of mock controls and KD-gsl1 lines (Fig. 2D) .
Next, we performed the same experiment in the wild-type Z strain. After introduction of dsRNA, cells were grown under heterotrophic or photoautotrophic conditions (Fig. S2A,C,E) . Under both conditions, a significant reduction in PM was observed in the KDgsl2 line, but not in the KD-gsl1 (Fig. 3A,C ). These findings demonstrate that only EgGSL2 is required for PM synthesis. In addition, KD-gsl2 showed a delay in chlorophyll accumulation under photoheterotrophic conditions (Fig. 3B) . This might be explained by previous reports showing that a carbon source released from PM degradation is utilized for chloroplast development [8, 9] . In contrast to the case of the SM-ZK strain, KD-gsl2 in the wild-type background showed no growth retardation under heterotrophic and autotrophic conditions under illumination (Fig. S2B,F) . In addition, when grown under heterotrophic conditions in the dark, KD of EgGSL2 had no effect on cell growth. Thus, the growth retardation occurred only when EgGSL2 was knocked down in the SM-ZK strain. Although we do not have any proper explanation for this phenotype, some unexpected genetic effect (s) might occur in the bleached strain. Interestingly, cell growth and chlorophyll accumulation in the KDgsl1 line were faster than those of the mock control under heterotrophic conditions (Fig. 3B, Fig. S2B,D) . Thus, GSL1 is likely involved in the regulation of growth and chloroplast development in a negative manner, although the exact role of this enzyme is completely unknown.
Euglena converts PM into wax ester containing myristylmyristate as a main component under anaerobic conditions [7] . To investigate the effect of GSL2 KD on wax ester fermentation, we determined PM and myristylmyristate contents in KD-gsl2 line in the wild-type background before and after hypoxic treatment (Fig. S3) . After hypoxic treatment, PM in mock control was decreased to 110 lg per 10 6 cells, while that in KD-gsl2 cells was reduced to 39 lg per 10 6 cells (Fig. S3A) . Nevertheless, myristylmyristate in KD-gsl2 cells was increased to 0.9 lg per 10 6 cells, which was almost compatible to that in mock control (1.3 lg per 10 6 cells) (Fig. S3B ). This result suggests that KD of GSL2 has no significant effect on wax ester production under hypoxic condition.
EgGSL2 is involved in paramylon synthesis
We evaluated the endogenous activity of b-1,3-glucan synthesis in mock controls and KD-gsl2 cells. The crude membrane proteins were extracted from TM and PM fractions based on the method by Marechal and Goldemberg [13] . This was then used for a UDP-glucose incorporation assay. In the mock control, UDP-glucose incorporation was detected at higher levels in the PM fraction compared to the TM fraction (Fig. 4A,B) , indicating that incorporation of UDP-glucose occurs mainly in the PM fraction. This activity was almost completely diminished by EgGSL2 KD (Fig. 4B) .
To confirm if the products of the UDP-glucose incorporation assay were b-1,3-glucan, we used aniline blue, which predominantly interacts with b-1,3-glucan and forms a complex emitting strong fluorescence [41] . Strong fluorescence was detected when the products of the UDP-glucose incorporation assay were used with mock control proteins, although the fluorescence was decreased to~10% in KD-gsl2 (Fig. 4C) . Thus, the products of the UDP-glucose incorporation assay were b-1,3-glucan. Our findings indicate that EgGLS2 is the major enzyme producing b-1,3-glucan from UDP-glucose in a membrane associated with PM. The EgGSL2 gene expression levels were higher than those of EgGSL1 (Fig. S4) . This also supported the hypothesis that EgGSL2 is the dominant enzyme mediating PM biosynthesis.
The resultant products of the UDP-glucose incorporation assay appeared as a flocculent precipitate. Scanning EM observations showed that the products are aggregates assembled from globular granules of various sizes (Fig. 5) . These granules are distinct from the typical shape of PM, which displays a discoid appearance with a uniform size. This indicated that in vitro synthesis of b-1,3-glucan using protein extracts from the PM fraction is insufficient, and some other unknown factor must be indispensable for forming mature PM molecule in vivo.
Paramylon synthase was reported to be a protein complex with a molecular mass of 670 kDa. This includes two UDP-glucose-binding subunits with a molecular mass of 37 and 54 kDa [14] . Similarly, eukaryotic GSs form a protein complex consisting of several subunits in which the GS protein acts as a catalytic subunit [42] [43] [44] [45] . EgGSL2 seems to be a catalytic subunit of the PM synthase complex in Euglena cells. Moreover, the UDP-glucose binding consensus sequence was matched to one site on the EgGSL2 primary sequence. However, unlike fungal GSs, it was not located on the polypeptide chains facing the cytoplasmic side (Fig. 1D, Fig. S1 ). This suggested that these sequences might not be functional. In the case of the action of AtCalS1, which has no consensus sequence, AtUGT1 is thought to bind and transfer UDP-glucose to the enzyme [18, 45] . Two unidentified subunits in the Euglena PM synthase complex might play a corresponding role. Thus, it is presumed that a similar mechanism to the function of Arabidopsis CalS exists in E. gracilis. Consequently, in this study, the identification of EgGSL2 as the key enzyme for PM production will be a good starting point for clarifying the entire mechanism of PM biosynthesis in E. gracilis.
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